evaporation thought to be the main driver (Knupp and Cotton 1985; Srivastava 1987) . It was 48 originally suggested by Zipser (1977) In the two hours leading isolated convection, the CWV increases by 4.5 mm. The mean 139 value of ! " 30 minutes before the minimum recorded ! " are 353.7 K. As the systems pass, the ! " 140 mean value drops by an average 9.6 K to an average value of 344.2 K. Since the isolated 141 convective cells observed occur in the daytime hours, the relative humidity is seen to drop 142 steadily throughout the 3 h period leading the convection following the rise in temperatures with 143 the diurnal cycle. The mean relative humidity (RH) rises to 82.3% within 30 minutes of system 144 passage, which indicates that the downdrafts are sub-saturated when they reach the surface. 145
Within the hour, temperatures drop by 4.2 K to 24.7 K, which is a smaller decrease than observed 146 over mid-latitude sites (see Table 2 increases with the existence of a cold pool and is referred to as the meso-high (Wakimoto 1982 Composites of surface meteorological variables are also shown in Fig. 2 for the 18 MCSs 162 with surface ! " depressions of 5 K or greater and coincident precipitation rates of 10 mm h -1 or 163 greater. On average, the environment is more humid for MCSs than for the isolated cases, as is 164 seen in the CWV composite. CWV between hours -3 and -1 leading the MCSs is higher on 165 average than that observed leading the isolated cells, but increases to a comparable magnitude of 166 ~59 mm within the hour. CWV increases by an average of 1.5 mm in the 2 h leading the passage 167 of MCSs, which is slightly lesser than the increases reported in Taylor downdrafts also sustain the cooling and drying of the near surface layers for many hours lagging 174 the precipitation maximum. The relative humidity maximum in the cold pool is 90.2% (∆$% = 175 13.3%), the specific humidity minimum is 15.4 g kg -1 (∆& = 1.6 g kg -1 ), and the temperature 176 minimum is 22.8 K (∆' = 4.2 K), with winds gusting to an average of 7.8 m s -1 with the passage 177 of the leading convective cells. The cold pools are thus cooler, drier, and nearer to saturation for 178 the MCSs than for the isolated cells. It is worth noting that these statistics for MCSs are not 179 greatly affected by the inclusion of nighttime events; composites for afternoon only MCSs yield 180 similar results. Overall, on average, the environments in which MCSs live are moister, they have 181 colder, drier cold pools that are nearer to saturation, the winds at their leading edges are gustier, 182
and the boundary layer recovers more slowly than for isolated cells. 183
Here, we composite events based on strict criteria identifying the strongest convective 184 events (see Table S1 for dates/times of events composited in Figs. 2-6 ). In Supplemental Figs. S1 185 and S2, we instead composite based on either a minimum ! " decrease or a minimum 186 precipitation rate to test the sensitivity of the results presented here and include additional events. 187
We also examine the sensitivity to averaging by compositing timeseries of meteorological 188 variables averaged at 30-min intervals and plot results for 6 h leading and lagging the 189 convection. The features discussed above associated with the passage of isolated systems and 190
MCSs are generally robust to averaging and the choice of imposed criteria. We examine the mean ! " profiles to place bounds on mixing and downdraft origin with 202 simple thermodynamic arguments and plume computations. The profiles composited in Fig. 3  203 were measured within the 6 hours prior to the same MCSs and isolated events composited in Fig.  204 2, less two MCS events that did not have corresponding radiosonde measurements. Simply 205 matching the mean of the minimum ! " value within the cold pools to the minimum altitude at 206 which those values are observed yields 2.1 km for MCSs (left panel, Fig. 3 ) and 1.5 km for 207 isolated cells (right panel, Fig. 3 ). Again, this assumes that ! " is conserved and that the air 208 originates at one altitude. If instead we assume that substantial mixing occurs with the 209 surrounding environment and that air originates at multiple levels in the lower troposphere, it 210 would be plausible for more of the air reaching the surface to originate at altitudes greater than 211 To examine this, we mix air from above the altitude where the ! " matched the surface 215 value (shown in the composites in Fig. 2) The drop in ! " is coincident with the passage of the isolated cell and its main updraft and 253 precipitation-driven downdraft. Mean reflectivity exceeding 40 dBZ is observed during this 254 period, as are strong updrafts in the middle-upper troposphere. The cell then dissipates and/or 255 moves past the site within an hour. A downdraft is observed directly below and slightly trailing 256 the updraft core. This is the downdraft that is associated with the largest drop in surface ! " . As is 257 suggested in the literature, these are mainly driven by condensate loading and evaporation of 258 precipitation and are negatively buoyant. The probability of observing negative vertical velocity 259 (threshold < 0 m s -1 ) within the 30 minutes of minimum ∆! " and maximum precipitation is 260 highest in the lower troposphere (0-2 km), consistent with precipitation-driven downdrafts 261 observed in other studies (Sun et al. 1993 ; Cifelli and Rutledge 1994). 262
There is also a high probability of downdrafts in air near the freezing level (masked out in 263 the vertical velocity retrievals, as there is large error associated with retrievals near the freezing 264 level; Giangrande et al. 2016 ). It appears likely, however, that these downdrafts are 265 discontinuous in height more often than not, as high probabilities are not observed coincidentally 266 in the lowest levels beneath these downdrafts. These mid-upper level downdrafts are documented 267 in previous studies of MCSs, which suggest that they form in response to the pressure field (e.g. 268
Biggerstaff and Houze 1991), can occur quite close to the updraft (Lily 1960; Fritsch 1975) The first of these statistics conditionally averages precipitation rate by Δ! " (Fig. 7) , 330 variants of which have been discussed in previous studies ( that our use of the in situ ∆! " , assuming cold pool properties are somewhat homogeneous in 360 space, is appropriate for scales up to 25 km. Beyond this scale, it is likely that the ∆! " would be 361 smoothed by averaging, particularly for the smaller isolated cells, as would precipitation. For the 362 conditional average precipitation (Fig. 7) , this effect may be seen at the 100 km averaging scale. 363
The probabilities are, however, robust to averaging. This suggests that when drops in ! " occur 364 locally, there tends to be good correspondence to precipitation both locally and in the 365 surrounding 25 and 100 km averaging areas. 366
The width of the distribution of precipitating points is of greatest interest here. The 367 distribution of precipitating points peaks just shy of a Δ! " of 0 K, indicating that most 368 precipitation events have low rain rates and do not occur coincidently with an appreciable drop 369 in ! " . The frequency of precipitation drops off roughly exponentially towards lower Δ! " . An 370 interesting feature is the lower bound observed in Δ! " near -15 K. The mean profiles in Fig. 3  371 show that, on average, this value of -15 K would be consistent with air originating from the level 372 of minimum ! " and descending undiluted to the surface. The frequency of observing these values 373 suggests that air very rarely reaches the surface from these altitudes (3 km or higher) undiluted. 374
The ! " probability distribution is consistent with the results of Sect. 5, indicating that the 375 probability of air from a given level of origin reaching the surface increases toward the surface 376 through the lowest 3 km. 377 Figure 8 shows remarkable similarity in these statistics when comparing across regions to 378 a DOE ARM site at Manus Island in the tropical western Pacific. As ∆! " decreases, in situ 379 precipitation rates sharply increase. The PDFs, as well as the steepness and locations of the 380 pickups, are remarkably consistent. Again, the sharpness of these curves is a result of the 381 strongest precipitation events coinciding with the strongest decreases in ! " , shown in the middle 382 panels in Fig. 8 , where the probability of observing coincident precipitation is greatest at low 383
It is then of interest to see if for a given precipitation rate we can expect a particular ∆! " , 385 as this is the proper direction of causality. Figure 9 conditionally averages Δ! " by precipitation 386 rate (1-h averages). The minimum Δ! " and maximum precipitation within a 3-h window are 387 averaged to minimize the effects of local precipitation maxima occurring slightly before or after 388 the maximum in Δ! " . Comparing Fig. 8 and Fig. 9 shows that there can be strong precipitation 389 events without large, corresponding decreases in surface ! " , but that large decreases in surface ! " 390 are almost always associated with heavy precipitation. Beyond about 10 mm h -1 there is a high 391 probability of observing large, negative Δ! " and an apparent limit in mean ! " decreases with rain 392 rate. This makes physical sense, as discussed above (see also Barnes and Garstang 1982), since 393 cooling is limited by the maximum difference between the surface ! " and the ! " minimum aloft. 394
The average Δ! " for rain rates exceeding 10 mm h -1 is about -5 K for the Amazon and -4 395 K for Manus Island (Fig. 9) . This statistic could be of use in constraining downdraft parameters 396 to be consistent with surface cooling and drying observed in nature. The results for 100 km 397 overlaid in Fig. 9 suggest that even though precipitation rates at 100 km are not simply 398
proportional to in situ rain rates, the main feature of the statistic is robust to averaging 399 precipitation out to a typical GCM grid scale. There are still, however, open questions about 400 scale dependence and how much cooling or drying should be observed for varying space and 401 time scales, given that we are using in situ Δ! " for all of the statistics presented. Overall, if 402 convective precipitation is present in a GCM grid, a corresponding Δ! " should result within a 403 range consistent to those observed here, subject to scale dependence. MCSs show similar decreases in temperature (4.2 K), moisture (1.6 g kg -1 ), and thus ! " (9.7 K) 425 at the surface. The ! " recovers more slowly for MCSs due to the mesoscale downdrafts and 426 associated precipitation in their trailing stratiform regions. 427
Vertical velocity profiles from a radar wind profiler show that the probability of 428 observing downdraft air during the 30 minutes of observed minimum ∆! " increases with 429 decreasing height in the lowest 3 km for both isolated cells and MCSs. This vertical structure of 430 the downdraft probability is consistent with negative vertical velocities originating at various 431 levels within this layer and continuing to the surface. Considering complementary 432 thermodynamic arguments, without mixing, profiles of ! " suggest that origin levels at average 433 altitudes of 1.4 and 2.1 km for isolated cells and MCSs, respectively, would be consistent with 434 average cold pool ! " for these cases. A minimum in ! " is observed between 3 and 7 km, on 435 average, so for air to originate above 3 km, simple plume calculations suggest that downdrafts in 436
MCSs would have to be mixing with environmental air at an approximate rate of 0.002 hPa Robust statistical relationships between ∆! " and precipitation are examined from nearly 442 two years of data at the GoAmazon2014/5 site and 15 years of data at the DOE ARM site at 443
Manus Island in the tropical western Pacific. We conditionally average precipitation by ∆! " , 444 similar to the statistics of precipitation conditioned on a thermodynamic quantity we consider for 445 convective onset statistics. Here, however, the most likely direction of causality differs in that 446 the ! " drop is caused by the downdraft that delivers the precipitation (as opposed to the 447 thermodynamic profile providing convective available potential energy for an updraft). For in 448 situ precipitation, the conditional average precipitation exhibits a sharp increase with decreasing 449 ∆! " , which is similar in magnitude over land and ocean, reaching roughly 10 mm hour -1 at a ∆! " 450 of -10 K. For area-averaged precipitation on scales typical of GCM grids, precipitation 451 magnitudes are smaller for strong, negative Δ! " , consistent with events with large ∆! " occurring 452 at localized downdraft locations within a larger system with smaller area-average precipitation. 453
The probability distributions of ∆! " (for precipitating and non-precipitating points) over land and 454 ocean are also remarkably similar. Distributions show exponentially decreasing probability with 455 decreasing ∆! " , providing additional evidence that downdraft plumes originating in the lowest 456 levels are orders of magnitude more likely than plumes descending with little mixing from the 457 height of minimum ! " . Conditionally averaging ∆! " by precipitation (the most likely direction of 458 causality) suggests an average limit in ∆! " of -4 K to -5 K given high precipitation typical of 459 downdraft conditions. The corresponding 90 th percentile yields ∆! " of roughly -10 K, consistent 460 with results obtained from composting strong downdrafts. The robustness of these statistics over 461 land and ocean, and to averaging in space at scales appropriate to a typical GCM resolution, 462 suggests possible use of these statistics as model diagnostic tools and observational constraints 463 for downdraft parameterizations. in situ radar 100 km
